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ABSTRACT

A study was carried out to evaluate the assimiiability of cormmmon urinary and
fecal ccnstituents by the active saprophytes of high-solids activated sludge. The
saprophytes were obtained in prre culture from mixed cultures grown on undiluted
human waste, Conventional isolation and determinative procedures were employed.
The isolated organisms were found to be primarily species of Alcaligenee Pseudomonas,
anu ohreactadler, all of which have becu previousty sdonlificd in acuvated sludge.
It was observed that most organisms could assimilate a substantial quantity of the
small molecules, such as uric and hippuric acids, contained in human wast The
ability to handle complex polymeric substrates, however, such as starch, . min,
and cellulose, wus found to be limited. Rilirubin, coproporphyrin, and tripzimitin
were found to be refractory The authors attribute the saprophytic activity in
activated sludge to a commensal rather than to a symbiotic relationship am.ng the
organisms. Commensalism has an important bearing on synthesis of a biologic
system from pure cultures. It appears that at least three organisms will be required
to reproduce the activity of an activated siudge facility. Further study is recom-
mended in these areas: more specific identification of isolated organisms: use by
saprophytes of oxidation of nitrogen as .n energy . :urce; b:'irubin, pyrrole, and
coproporpkyrin metabolism; control of :inthesis 1 mixed cultures; and siiective
elimination of inactive material in the ... ogic matrix.
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MICROBIOLOGIC STUDIES OF THE ACTIVATED SLUDGE PROCESS
FOR THE RECYCLING OF HUMAN WASTES

1. INTRODUCTION
Statement of problem

Although the activated sludge process and
comparable methods employing microorganisms
for the breakdown of waste materials have
been in use for a number of years, very little
has been determined concerning the identity
of the specific oreianisms responsible for the
major portion of the degradative processes,
Although certain broad generalizations had
been made, it appeared impossible to assess the
role of each major group of microorganisms
from the existing data.

Dependence on saprophytic organisms in a
biologic waste disposal system is complete.
For this reason, should the system function
poorly or improperly in a reinote environment
because of destruction of a major class of
saprophytes, the reestablishment of the system
from stock cultures would be desirable. It was
not known whether the general metabolic capa-
bilities of the mixed culture could be duplicated
by a combination of pure isolates obtained from
the parent mixed system, or whether a selected
group of such isolates could possibly improve
degradative performance over that of a mixed
cilture derived from natural selection.

Therefore, the present work was initiated
to determine the metabolic capabilities of or-
ganisms isolated {rom mixed microbial systems
grown on undiluted human waste (the basic
substrate to be received by the waste treatment
system in a remote environment) ; then to de-
termine if the gross assimilative capacity of
the mixed system could be duplicated by a
seried of jsolates,

Objectives

The objectives of the work were as follows:

1. Isolation and identification by standard
biologic technics of microbial species present
in activated sludge in the endogenous state.

é 2. Measurement of the rate of oxidation
of components of human waste by each of the
isolated organisms. These studies were to in-
clude, but not necessarily be limited to, meas-
urement of the oxidation rate of:

a. Urea
b. Hippuric acid
c. Creatinine

d. Various sterols, taurocholate, and
glycocholate

e. Albumin

f. Cellulose and other carbohydrates
g. Uric acid
h

Ethereal sulfates

[N

Urechrome
j. Selected porphyrins
k. Lipids and fatty acids

1.  Synthetic detergents and soaps

3. Measurement of the oxidative capacity

. of each of the isolated organisms on a sub-

strate of sterile human waste.

4. Recombination of selected organisms

+ and measurement of their activity agin 2 and 8

above, where such combination appeared pro-
ductive of a more completely capable system,




5. From cultures of high-solids activated
sludge, isolation, identification, and metabolic
studies of organisms adapted to the degrada-
tion of cellulose, hestianic acid, bile pigments,
and other normally hard-to-oxidize components
of sludge reuactors.

6. Consideration of metabolic and absorp-
tive characteristics of organisms, derived from
studies under 2 and 3 above, with a view to
characterization of the overall process of waste
degradation by microbial cultures.

In accordance with these objectives, cul-
tures were developed on human waste at 7-day
and 13-day detention periods. Organisms were
obtained in pure culture from the parent mixed
cultures and subjected to Warburg examina-
tion. When applicable, the isolates were ex-
amined in substrate depletion studies to
determine substrate adsorptive behavior.

Attempts were made to adapt mixed cul-
tures to cellulose, hestianic acid, bile pigments,
pyrrole, and some related polyeyclic substances.
In those instances in which growth or metab-
olism appeared to occur, the organisms were
obtained in pure culture.

The isolates were combined and subjected
to Warburg studies to determine if the extent
of substrate metabolism shown by the mixed
parent culture could be accounted for.

Studies were a » carried out tu evaluate
the adsorptive chucacteristies of pure cultures
employing substrates known to be adsorbable.

The metabolic and determinative data have
been evaluated and summarized.

II. SUMMARY

A study of the metabolic characteristics of
the bacteria present in activated sludge has
been carried out. The orpanisms were isolated
employing standard bacteriologic  technics.
After isolation, the isolutes were examined in
Warburg studies and in substrate depletion
studies, The substrates studied were the com-
mon constituents of human feces and urine, and

>
-

additional materié]s such as cellulose, and

soaps and detergents not easily replaced in
remote environments..

From the work, the following conclusions
were drawn:

1. Most of the materials contained in feces
and urine are assimilated totally, or to a sub-
stantial degree, by the individual organisms
present in activated sludge grown on human
waste. ¢

2. The organisms apparently responsible
for the bulk of the saprophytic activity in
activated sludge were found to be various
species of Psendomonas, Achromobacter, and
Alcaligenes, and paracolon bacilli.

3. The organisms isolated from activated
sludge appeared to have one of two distinct
metabolic patterns. Most of the bacteria
readily assimilated all, or a substantial fraction
of, small individual molecules such as uric acid,
hippuric acid, and creatinine. Only a few
organisms, however, demonstrated a capability
of assimilating large complex molecules such
as albumin and starch. The organisms found
to assimilate the large molecules had a marked-
ly limited ability to utilize the small molecules.

4. The ability to utilize celiulose to some
degree was found to be widespread in the
microorganisms in activated sludge.

5. Bilirubin, biliverdin, and pyrrole were
ound to be refractory. Substantial attack on
these molecules could not be demonstrated.
Cyelic molecules not containing nitrogen (e.g.,
rvelopentane and cyclohexane) were found to
‘be degradéd. . The lack of attack on the
fnitrogen-co&ntaining substrates may be due to
the lack of} specific transport mechanisms.

6. Some saprophytes appeared to utilize
the oxidation of ammonia as a source of
energy.

7. Hestianic acid, the brown pigment con-
tained in the effluent from high-solids activat-
ed sludge reactors, was found to resist




biodegradation and was unable to support mini-
mum growth of activated sludge, when other
substrates had been depleted.

III. LITERATURE REVIEW

While many investigators have examined
the metabolic characteristids of the microor-
ganisms contained in activated sludge, little
work has been directed specifically toward an
appraisal of the fate of the constituents of
human waste. The explanation for this lies in
the fact that, by broad classes, most waste
constituents are known to be readily assimilat-
ed by microorganisms. Metabolic data of the
latter type derived from studies of microbial
systems have been summarized by Umbreit
(40, 41). Umbreit’s st mmaries also contain
considerable information as to the pathway of
degradation of proteins, amino acids, aromatic
substances, and fatly substances.

The literature pertinent to the present
study 1s reviewed in the following paragraphs.

Urea

Although few precise data are available,
there appears to he little question that a wide
variety of organisms can assimuate urea. The
hyvdroiysis of urea has been studied for many
vears.  Significantly, urease was isolated and
ervatallized as early as 1926 (35).

Sinee urea is a toxic substance, a capability
to degrade urea may be classed as a defense,
or detoxification,  mechanism, Based ion
Stephenson's  (35)  early review of b:létei'ial
metabolism and Gale's (17) later work. it ?ap-
pears that urease is produced by a wide variety
of organisms.  In addition to its rapid hydrol-
vsis by bacteria, urea also is reported to serve
as a4 nitrogen source for algae (6).

The urcase reaction is:
CO(NH,), + H,0 —— CO,, 4 2NH;
The significance of the widespread occur-

rence of urecases in microbial systems is partic-
ularly important to the present study because

A

of the substantial quantities of urea present
in human waste. Work carried out at the
Boeing Company (6) indicated that urea was
rapidly destroyed in mixed cultures derived
from human waste.

Hippuric acid or béinzoylglycine

!

No reports were found in which the
microbial metabolism of hippuric acid was
specifically studied: however, crude extrac’s
of “hippuricase” were studied as early as
1881 (15). Ellis and Walker (10) studied the
enzyme much later, and although the study
added data as to hvdrolytic mechanism, little
information has been obtained concerning the
ubiquitousness of the enzyme. in a study of
the activated sludge process carried out at the
Boeing Company (6), it was cbserved that
hippuric acid was readily assimilated by mixed
cultures not specifically iulapted to hippurate.

Hippuric acid is the armvide formed between
benzoic acid and glycine an¢ has the structure:

{
1
C— NHCH, COOH

HIPPURIC ACID

FIGURE 1

Hippuric %cid is synthesized in the liver.of
mammals as a detoxification of benzoic acid.
As a consequence, the material can be anticipat-
ed in body wastes. Bieberdorf (3) reports that
average body wastes will contain 0.6 gm. of
hippuric acid per 24 hours.

The study of hippuric acid metabolism is
simplified if the initial or hippuricase step is
assumed to take place, for no reports were
found which confirmed the presence of hip-
puricase in bacteria. The initial steps of
hydrolysis take place as follows:

AN D e e
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COOH

0
C—NHCH, COOH+ H, 0 ——» O + NH,CH, COOH

HIPPURIC ACID

BENZOIC ACID GLYCINE

FIGURE 2

The reports of benzoic acid metabolism by
mixed and pure cultures are numerous. Several
are summarized in Umbreit. Okey and
Bogan (26) recently published a report which
included a study of benzoic acid metabolism.
Symons and del Valle-Rivera (37) and Symons
et al. (38) have also published detailed studies
of benzoate metabolism.

Glycine metabolism has been studied with
a variety of single organisms. The reports
have been summarized by Fry (16). In gen-
eral, glycine has beern found to be rapidly
metabolized. This finding was confirmed by
Carlson (5), who studied the metabolism of
glycine by mixed cultures similar to activated
sludge. Chapman et al. (6) determined the
order and rate of glycine metabolism. They
found, as did Carlson, that glycine was rapidly
assimilated by activated sludge organisms
which had not previously acclimated to glycine.

Creatinine and creatine

In addition to the nitrogen-containing com-
pounds previously discussed, mammalian sys-
tems discharge creatinine which arises from
creatine in the tissues.  Although small
quantities of creatine are discharged quite nor-
mally, the bulk of the creatine destined for
exceretion appears as creatinine in the urine.
Creatinine, therefore, is the true end product
of nitro,sen metabolism.  The formulas for the
two substances e

4

NHjp

|

C=NH

:
CHy=N=CH, COOH

CREATINE

NH
|

C:NH
|
CH -N-CHch

CREATININE

3

FIGURE 3

Fruton and Simmonds (15), in a summary
of literature on microbial metabolism of
creatine, stated that the substance was used
as a nitrogen source by a number of organisms.
Pseudomonas ovalis is reported to cleave
creatine to urea and sarcosine which is then
oxidized to CO,, H.O, and NH;.

Sexton (33) reported that creatine is de-
hydrated to creatinine both in vivo and in vitro.
Unpublished data obtained at the Boeing Com-
pany indicated that algae can use both creatine



and creatinine as nitrogen sources.  Tiies Te-
sults imply that the moiecule is catabolicaily
utilized as well

Taurocholate and glycocholate

Taurochniic and glveccbalie acids are the
conruprates of the bile acid, cholic acid, with the
amito acids, tsurine and oiveine. The bite
acid {2 bound to the amine acids through an
amide Hnkage. The structures of glveocholic
and taurocholic acids are shown “ejow:

ol
2
CHy , Co
oM CH CH,
< 4 éONHC 0
H H
chy [ 4 2 CO
H H
HO H OH

GLYCOCHOLIC ACID

FIGURE 4

CH\3 / gf
OEIH CH ,CHZ
chs [ CONHCH, SO3H
H
HO 4 OH

TAUROCHOLIC ACID

FIGURE 5

Cholie acid = derived in mammalian tissue
from cholesteral. The A and B rings of cholic
acid are g to ers ax in coprostanol. Since no
turther oxidation of the bile acids takes place in
mammalian tissue, these substances represent
4 true end product of cholesterol metab-
olisn, Stodola (36) has summarized @ sub-
stantizd body of literature on the general topic
of biochemical alterations of steroids.  There

is, hoewever, a distinet pancity of data dealing
with the total assimilation of the general class
of sterot moiecules.  Chapman et al. {8), in
studying the metabolism of @ number of human
waste o natituents, carned out one study on
cholesto rol: they found that after a short lag
the cholesterol was rapidly assimilated.

Condensed  aromatic  hydrocarbors  con-
tuning  three rincs have been shewn by
Re reff (300 und other mvestigators (39) to be
assimiiable by seil buaeterin. The effect of
size on assimilabiliiv s not known: however,
melecales  of the size o] anthracene and
phenanthiene are readily assimilated and used

ax sole carben sourees.

Albumin

Albumin is one of the nitrogen-containing
compounds known as “simple protein”—indicat-
Ing that 1t ix made up of amine a ‘ds only.
Albumin derived from egy white is moderately
oluble In water and muolecuiar
weirht of abeut 44,000,

POSKEsses o

It would appear that macromolecules would
require some preliminary reduction in size be-
fore mierchial assimilation, probably on the
cell exterior. Frv (18), in his extensive review
of microbial nitrogen metabolism, pointed out
that a small number of exoproteases have been
purified. The ability to produce exoproteases i3
apparently limited; Fry reports that not all
organisms have this capability. The ability to
produce proteclyvtic exoenzymes is also marked-
v affected by the environmenrt, but he reports
that several microorvanisms can use albumin
or closely related proteins (easein and peptone).

Okey et al. (28%) studied albumin in their
anatvsis of the oxidation potential as a control
avetem  for activated sludge and found it
readily assimilated by activated shudge. Chap-
nman et al. (63 obzerved similar results in their
studies of the high solels activated  sludge
process. Both noted that the substrate {al-
bumin) appeared to be rapidly remo.ed from
the medivm in a first-order or concentration-
dependent fashion and to be oxidativelv s
simtlated at o <lower rate.




Carbohydrates

Starch, glucose, and cellulose were studied
in the present work—starch, because it is a
complex carboliydrate; and cellulose, because
of the limited data availablz on the nature of
activated sludge organisms capable of assimilat-
ing this substance. Glucose was employed as
a standard substrate primarily because of the
wide variety of microorganisims which aerobi-
cally utilize sugars and, further, because of
the extensive information new available on the
degradative pathways of glucese.

The metabolism of cellulose was studied by
Okey et al. (27). The paper contains an ex-
tensive literature review which will not be
repeated here. In summary, there are various
microorganisms capable of excreting the two
enzymes, cellulase and ceilobiase. necessary
for the utilization of celluluse. In the ref-
erenced study, only mixed cultures were
emploved and no information was obtained on
the metabolism of the individual organisms
utilizing cellulose. It was clear, however, that,
in the human waste employed as a substrate,
microorganisms were present that could use
cellulose—either alone or in concert.

Uric acid

Uric acid appears in man as an end product
of purine breakdown and 1s not a principal end
product of protein metabolism. The structure
of this substance is shown beiow:

2
/c\ :
HN c—
i " \c-o
C\"ac\u
H 2]
URIC ACID

4

°

FIGURE 6

In mammals, except man and the higher

apes, urie acid is oxidized and excreted as al-
lantoin, and in fishes, the allantoin is further

6

oxidized to allantoic acid and then to urea
and glyoxylic acid.

The purine structure is reperted to be
readily metabolized by a variety of both aerobic
ar.1 anaerobic microorganisms. Fruton and
Simmonds (15) report that Psendomoras and
two species of Clostridium wutilize purine or
uric arid as sole carbon and nitrogen sources.

Ethereal sulfates

Ethereal sulfates are esters of sulfuric acid,
usually phenylsulfuric acid, formed in the liver
of mammals. The general form of the suifate
esters 1s shown below:

0 =80, H

ETHEREAL SULFATES

FIGURE 17

Microorganisms  assimilut - such  esters
through the hvdrolysis of the esters by sul-
fatases, producing an organic residue, usuaily
phenol, which can be rapidly metabolized.

Although not a urinary excretion product,
alkyl sulfates {such as lauryl sulfate, a deter-
gent substance) have also been shown fo be
rapidly metabolized by unacclimated, broad-
spectrum, bacteria! cultures such as setivated
sludgre (6).

Urochrome

Urochrome is the major normal urinary
pigment, excreted to the extent ot about 73 my.
per day. Although its constitution and pre-
cursor are unknown, its output has been found
to be relatively constant, independent of diet,
but viarving with basal metabolism.  The ex-
eretion of this pigment is increased by tissue




breakdown, starvation, or by administration
of acids. Very little has been successfully ac-
complished in its idenufication beyond isola-
tion (9). Little is known, either, concerning
the metabolism of urochrome by bacteria.

Porphyrin and bile pigments

Porphyrins is the general name given to
a group «f compounds containing the porphyrin
nucleus, as shown below:

CH— L

N

H
L 4

CH
=
HN
¥
CA

PORPHYRIN

FIGURE &

CHy

The porphyrin structure contains 4-pyrrole
rings bridged by methylene groupa at the car-
bon adjacent to the heteronitrogen. The por-
phyrins vary from one another by differences
in extent and nature of ring substituents.

The purphyrin of importance in the study
of human waste assimilation is coproporphyrin,
found in humuan feces, *he structure of which
ix shown in figure 9.

The porphyrins are closely related to the
bile pigments. The latter substances are linear
tetrapyrroles created by the oxidative degrada-
tion of porphyrin. Little is apparently known
about the fate of the bile pigments. No reperts
of the oxidative degradation of bilirubin have
been found.

The fate of coproporphyrin and the bile
pigments may be reiated to the fate of pyrrole,
the fundamental constitusnt molecule. Con-
cerning the fate of pyrrole in mammalian and
microbial  systems, little is known. Wil-
lHams (41) in his literature summary indicated
that the evidence concerning the fate of pyrrole
ingested by mammals is unreliable.  Some, ap-
parently a large fraction, is excreted un-
chanped. Some appears as urea nitrogen, while
some iz reported to appear, after exposure to

CH,CH, COOH

JRRS———

CH

zc“z-——ik

|

COOQOHCH

CHS—
CH

H

—” N

CH

—1CH
HN

N\ mmomea

e CHZ CH

2 COOH

CH

COOHCH2 CH,

Ha

COPROPORPHYRIN

FIGURE

~3




the air, as a substance similar to melanin.
There is also some evidence to suggest pyrrole
van give rise to pyriline in mammals (44).

Porphyrins contained in mammalian he-
meciobin undergo oxidative cleavage {o some
hnear tetrapyrroies termed bile pigments. The
bile pigments, bilirubin and biliverdin, have
been setected for stud. in this work. Although
bilirubin appears to be modified by intestinal
organisins, there are little data which indicate
it can be compietely assimilated.

Many nitrogen-containing substances are
known to be toxic to fungi (18, 22). However,
some heterocyelic substances are reported to
be available as microbial substrates. Pyri-
dine (12): hvdroxyproiine (1); uracil, and
some related materials (43) : nicotine (19) ; and
pvrimidine (8} are reported to be assirmlable.
Aminotriazole, the nucleus of which is a five-
membered ring containinig  3-hetercnitrogen
atoms, is reported not to be assimilated by
activated sludee (22).

It would appear axiomatic that some
mechanisms should exist in bacteria for the
assimilation of the molecular fragments that
make up the tetrapyrrole in the basic heme
configruration. This reasoning is based on the
fact that aerobic microbial systems conw n
the porphyrin structure in the evtochrome sys-
tems ax a port of thoir electron o ansport
It is reasonable to assume that some
mechanism must exist for the conservation of
the nitroren and energy contmned in por-
phvrin, It may be postwated Chat if pyrrole
dione s not assimilated, porphyrin probably is,

PYOCess,

Lipoids and fatty acids

Corn oil, castile soap, and cholesterol have
been previously studied and foand to be as-
stnmibited by activated sludee 8). Henee, for
the purpose of this work, fatty acids of known
makeup were selected for study, Inoaddition,
Apases are commoen in tungi,

Alkyl fatty acida, regardless of size, appear
to be oxidatively attacked and degraded in

much the same fashion—that is, first by
activation with coenzyme A, and thence
through a series of f-oxidation steps which
{eed active acetate (acetyl coenzyme A) into
the trichloroacetic acid cycle by a condensation
reaction with oxalocacetic acid to form citric acid.
Many bucterial systems are reported to carry
out g-oxidation or similar processes (15, 24, 40,
41). In addition, many microcrganisms use
fats or fatty acids as storage products (14, 35).

Synthetic detergents and soaps

As seaps are the sodium or potassium salts
of long-chain fatty acids (16- to 20-carbon
atoms} the literature pertinent to the metab-
olisn of soaps has been covered in the previous
section. This review will be limited to the
microbial metabolism of synthetic detergents.

Synthetic detergents, in general, are usually
one of two types-—anionic or nonienic. Most
of the anionic substances employed are alkyl-
benzene aulfonates. The nonionic substances
contain alkyl lipenhilic groups and amides,
ethers, or esters as the hydrophilic group.

The wtabolism of the alkyibenzene sul-
fonatex has been extensively studied, primarily
in mixed culture. The primary factor regulat-
i, “he metabolism of theze compounds by an
acclimated culture appears to be the branching
of the side chain which occurs in most comy-
mereial products (4, 23). Therefore, the re-
siatance iz assoclated with a characterisfie
apart from that creating the deterpent char-
actenistie, In the instance of the dlkylphenyl
ethers and the other nonionic substances, the
number and type of hydrophilic yroups em-
ploved in manutacture appeired to regulate
nietabotism,

One of the nonicnie substanees was found
to be partially metabolized, 1inoan eariier work
(6). This material, Triton X-100, was selected
for studyv. The structure of this compound i3
shown in figure {0
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} | 9-10
CHy CH3 <
TRITON X —100
FIGURE 10
Bogan and Sawyer (4) found that Triton TABLE 1

X-100 underwent no attack. In the Boeing
study, however, substantial but probably in-
complete metabolism of this compound was
observed. The Boeing workers also observed
that dodecy! sulfate was rapidly metabolized.
The destruction of dodecyl sulfate appeared
comparable to the metabolism of fatty acids.
Bogan and Sawyer made a similar cbservation.

Despite the fact that a substantial quantity
of work has been carried out on the alkyiphenyl]
ethers, little is known of the oxidation se-
quence. The alkylbenzene sulfonates are
oxidized from the alkyl end beginning with an
a-oxidation and proceeding via g-oxidation. It
is likely, however, that the ethers may be
oxidized from either end, thereby accounting
for the substantial oxidation despite branched-
chain alkyl groups.

Microbiology of activated sludge

An extensive literature review on the
microbiology of waste treatment was made by
Ingram (20). Ingram’s work indicated that
little is known concerning the specific metabolic
capability of the microorganisms found in ac-
tivated sludge particularly when human waste
constituents are employed as metabolites. The
organisms which have been reported in activat-
ed sludge were summarized by Ingram. His
list is reproduced in table I.

Large numbers of fungi and protozoa have
also been found in activated sludge. Other
species have been demonstrated in trickling
filters. These data are summarized in table II.

Microorganisms in activated sludge*

Achromobacterum liquefaciens
Achromobacterum sp.
Acrobacter aerogenes
Alkaligenes farcalis

Bacillus mycoides

Bacillus cereus

Beggiatoa

Bacillus megatherium

Bacillus subtilis

Chromobacterium
(Flavobacterium)

Crenothrix polyspora
Escherichia coli
Escherichia freundi
Escherichia intermedium
Flavobacterium lueve
Flavobacterium solare
Klebgiella pneumonia
Neigscria catarrhalis
Nitrobacteria
Nitrosomonos sp.
Nocardia actinomorpha
Paracolobactrum aerogenoides
Preudomonas sp.
Pscudomonas pavonacea
Pscudomonas perluride
Pseudomonas tralucida
Prendonmonas salopium
Spharrotilus sp.

Zooglea ramigera

*As reported in reference 20,



TABLE I

Microorganisms in trickling filters®

Actinomyces spp.
Aerobacter aerogenes
Aleraligenes spp.

Alecaligenes bookert
Alcaligenes faccalis

Bacillus alvei

Bacillus cereus

Bacillus circulane

Racillus megatherium
Racillus violaceus

Bacillus pumilus

Ractllua subtilis

Beggiatoa ap,

Beggiatoa alba
Chromobacterium janthinum
Cladothrix sp.

Cladothriz dichotoma

Colon bacillus

Coli aerogenea

Escherichia coli

Escherichia coli, intermedium
Flavobacterium spp.
Flavobacterium aquatile
Flavobactrrium balustinum
Flavobacterium devorans
Leptothriz ochrocae
Magneta bacillun
Nitrobacter ap.
Nitrosomonas ap.

Nocardia spp.

Rhizobium re icicolum
Sphaerotilus sp.
Sphaerotilus natans var. carnea
Sphaerotilus natans var. compacta
Sphaerotilus natans var. natans
Sphacrotilus natans var. uva
Spirtllum sp.

Streptococcus farcalis
Streptomyeca app.

Thiothrix nivea

Zooglea filipendula

Zooglea ramigera

*As reported in reference 20,

The organisms listed in table III are re-
ported by Ingram to be common to trickling
filters and activated sludge.
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TABLE III

Mieroorganisms common to activated sludge
and trickling filters: bacteria and
fillamentous forms*

Aerobacter aevogenes
Alcaligenes faecalis
Bactllus cereus
Bacillus megatherium
Bacillus subtilis
Reggiatoa sp.
Chromobacterium sp.
Cladothriz
Facherichia coli
Escherichia coli, intermedium
Flavobacterium sp.
Nitrobacter

Nocardia sp.
Sphaerotilus sp.
Zooglea ramigera

*An reported in reference 20.

Ingram also reported that the floc present
in activated sludge is responsible for the ad-
sorption phenomena. While he presented no
data to support this contention, the likelihood
and significance of this hypothesis cannot be
ignored. The consequence would be that the
dispersed growth of young pure cultures would
not adsorb, and that a treatment facility
operating as a disperscd-growth unit might
not adsorb waste constituents as efficiently as
an older culture.

Constituents of human waste

The work reported here has been devoted
primarily to an analysis of the effect upon the
biodegradability of the major classes of waste
constituents by high-solids activated sludge.
Data as to makeup of human waste, both feces
and urine, and the daily amounts produced by
man are presented in tables IV and V (7).
These data have been used as a guideline in
selecting the substrates employed in the pres-
ent work.



TABLE IV

Composition of urine

Substance (unit) Usual range
Water
Specitic gravity (vs. water) 1.008 - 1.030
Total solids (gm./100 m}.) 1 -7
Water (ml./100 ml,) 95 - 99
Hydrogen ion concentration (pH) 48 - 15
Minerals
Bromine (mg./day) 1 -5
Calcium (gm./day) 02 -05
Chloride, as NaCl (gm./day) 10 -15
Chromium (mg./day) 0.1 -04
Copper (mg./day) 01 -05
Fluorine (mg./day) 02 - 05
lodine (ug./day) 35 - 15
Iron (mg./day) Below 1.0
Lecad (mg./day) 0.05 - 0.5
Magnesium (mg./day) 1.0 -20
Molybdenum (ug./day) 10 - 30
Nickel (xg./day) 20 - 30
Phosphorus (gm./day) 68 -20
Potassium (mEq./day) 20 - 64
Sadium (mEq./day) 150 - 197
Solids, total (gm./day) 20 - 60
Sulfates, total (gm./day) 06 -1.0
Thincyanate {(mg./day) 5 -8
Water (hiter “day) 05 -15
Zine (mg./day) 0.3 -04

Nitrogen and protein derivatives

Albumin (mg./day) Less than 100
Alpha amino nitrogen, total (mg. N/day) 300 - 700
Alpha amino nitrogen, bourd (mg. N/day) 100 - 200
Alpha amino nitrogen, free (mg. N/day) 120 - 240
Allantoir (mg./day) 25 - 35
Arginine (mg./day) 50 - 150
Creatine (my./day) Less than 100
Creatinine (gm. Jday) 1.0 - 15
Glutamine (mg. Niday) 10 - 15
Glycine (mg./day) 170 - 230
Histidine (mg./day) 180 - 250
Isoleucine (mg./day) 17 - 20
Leucine (mg./day) 20 - 30
Lysine (mg./day) 73 - 100
Mecthionine (my. ‘day) 8 - 12
Nitrogen, total (gm./day) 10 - 18
Threonine (myg. day) 5 - 85
Tryptophane (mg./day) 200 - 400
Urea (gm./day) 10 - 40
Uric acid (gm./day) 02 -20
Valine (myg./day) 19 - 25
Xanthine (mgg. duy) 20 - 40
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TABLE IV (contd.)

Substance (unit)

Usual range

Carbohydrates and derivatives
Alpha-ketoglutaric acid (mg./day)
Citric acid (mg./day)

Fructose (mg./duy)
Pyruvic acid (mg./day)
Total reducing sugar (mg./day)

Fats and derivatives
Acetone bodies, total (mg./day)
Cholesterol (mg./day)

Vitamina
Ascorbic acid (mg./day)
Biotin (ug./day)
Choline (mg./day)
Niacin (mg./day)
Ni.Methylnicotinamide (mg./day)
N-Methyl-2-pyridine-5-carboxylamide (mg./day)
Pantothenic acid (mg./day)
Pyridoxine (mg./day)
Riboflavin (mg./day)
Thiamine (mg./day)
Vitamin A (1U/day)

Hormones

Androsterone (mg./day)
. Androgen (mg./day)

Corticosterone (mg./day)
Cortin (mg./day)
11-Desoxycorticosteroid (mg./day)
Estrogens, female (ug./day)
Estrogens, male (ug./day)
Glycogenic steroids (mouse units/day)
17-Ketosteroids, female (mg./day)
17-Ketosteroids, male (mg./day)

Enzymes
Diastase (units/day)
Phosphatase, acid (King-Armstrong units)
Trypsin (unitg)
Uropepsin (units)

Pigments
Coproporphyrin, type I (ug./day)
Coproporphyrin, type 111 (ug./day)
Indican (mg./day)
Urobilinogen (mg./duy)
Uroporphyrin (mg./day)

Blood gases
Carbon dioxide (mEq./day)

Measurements of clinical interest
Phenols, conjugated (mg./day)
Phenols, free (mg./day)
Phenols, total (mg./day)

21
210
0
10
0

10
0.3

10

0.2

1.0
0.05
0.4
0.1

0.1
0.2
50
22

40
b

80
40
1,000

15

40

15
0.2

15

44
470

25
100

100
1.0

18
22

4
1.0
12
10
3.5
04
1.50
0.4

32
300
250
3,000

90
24
150

50

40
0.4
40

The valuen shown are normal ranges for verious substanees in human urine;

healthy individuals in a rextiog eondition at xea level in n temperate environment,

many substanees are chrety related to dictary intake and to exereine,
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all values are for
The vnluew for



TABLE V
Composition of feces

Substance (unit) Usual range
Water
Specific gravity (vs. water) 1,030 - 1.100
Total solids (gm./100 gm.) 15 .35
Water (ml./100 gm.) 65 - 85
Hydrogen ion concentration (pH) 70 <175
Minerals
Aluminum (mg./day) 15 .29
Calcium (gm./day) 01 .10
Chloride (mEq./day) Traces, except in
diarrhea
Copper (mg./day) 1.5 -211
Iron (gm./day) 07 -10
Lead (mg./day) 03 -04
Manganese (mg./day) 19 .24
Molybdenum (mg./day) 2 -4
Nickel {mg./day) 5 - 10
Phosphorus (gm. P/day) 09 .17
Potassium (mEq./day) 19.2 - 22,6
Sodium (mEq./day) Traces, except in
diarrhea
3 Tin (mg./day) 05 - 17
] Zine (mg./day) 5 - 10
Nitrogen and protein derivatives
Arginine (gm./day) 1.2 .21
Histidine (gm./day) 06 -08
Isoleucine (gm./day) 14 -23
t Leucire (gm./day) 1.8 -29
Lysine (gm./day) 1.9 - 29
Methionine (gm./day) 05 - 0.8
Nitrogen, total (gni.’day) 0.7 - 21
Threonine (gm./day) 1.4 .22
Viline (gm., day) 1.5 .28
Carbohydrates and devivatives
Total reducing sugar (mg./day) 0

13




TABLE V (contd.)

Substance (unit) Usual range

Fats and derivatives

Total fat (gm./day) 1 -1
Total fat (percent by weight, dry? 10 - 28
Total fat, unsaponifiable (percent by weight, dry) 0 -5
Vitamins
Beta-carotene (mg./day) 17 .23
BRiotin (ug./day) 100 - 200
Niacin (mg./day) 356 -55
Pantothenic acid (mg./day) 1.8 -38
Pyridoxine (mg./day) 0.1 -05
4-Pyridoxic acid (mg./day) 05 -06
Riboflavin (mg./day) c4 -120
Thiamine (mg./day) 02 -08
Vitamin A (mg./day) 017 - 033
Hormones

No data available

Enzymes

No datu available

Pigments
Porphyrin, total (ug./day) 300 - 400
Protoporphyrin (ug./day) 20 - 300
Urobilinogen (mg./day) ' 40 - 280
Gaves

No data available

Measurements of clinical interest

Bacterial debris (percent of weight, dry) 10 - 30

Th> values shown ure normal ranges for various substances in human feces; all values are for healthy
individuuls in o resting condition at sea level in a temperate environment., The values for many

substancen are closely related to dictury intake. In addition, there sre large diffcerences from person
to person.
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V. EXPERIMENTAL METHODS AND
PROCEDURZS

Culturing procedures

The mixed cultures from which the pure
cultures studied in this work were obtained
were grown on undiluted human waste. The
paren’ mixed cultures were grown at T-day
and {3-day detention times and the organisms
recovered from ciech svstem were identified
and tested separately.  Similar methods were
used for the recovery, isolation, and identifica-
tion of organisms obtained from cultures ac-
climated to specific substrates,

Raw waste was collected from donors on
conventional diets. The feces and urine were
collected separately and a standard waste mix-
ture prepared as needed. The standard waste
mixture, based on data supplied by Chapman
et al. (6), consisted of the following:

200 ml.

1.800 ml.

Feces volume
Urine volume

COD! (adjusted to)

25 gm./liter

The cultures grown on raw waste received
only that substrate. No other inocula were
intentionally added. The mixed systems were
started by adding '’; and '/,; of the cuiture-
tube volume (300 ml.) of raw waste. Initially,
during the first few days of culturing, addi-
tional waste was withheld until the culture
had lost its odor of mercaptans and skatols.
The waste quantity was slowly increased until
cach system was receiving '/; and ' 4 of its
volume daily: hence the cultures had 7-day
and 13-day detentions, respectively. Each day
an amount of mixed liquor was removed and
centrifuged. Supernatant wns dizcarded in a
volume equal to the daily volume of waste
added; the cells contained in this mixed liguor
were returned to the culturing reactor,

The cultures were grown at 32 C. in a
vonstant-temperature water bath. Iach sys-
tem was aerated with air dispersed in the bot-
tom of the culture through a glass tube.

"Chemieal oxviren demund.

Although foaming was a continuing nuisance,
antifoams were not employed because it was
feared that alterations in surface energy could
affect the nature of the microbiota recovered.

The cultures adapted to bilirubin, pyrrole,
hestianic acid, and cellulose were also grown
in 300-ml. tubes under dispersed air at 32° C.
The culture grown on, or adapted to, a single
substrate received an inorganic nitrogen and
phosphorus source. The inorganic adjunct em-
ployed a phosphate buffer system with am-
monia as the nitrogen source to provide a
COD ‘nitrogen ratio of 10. The latter ratio is
well within the limits prescribed by Saw-
ver (31) in his work on activated sludge
nutrition.

During the course of the work, 8 mixed
cultures were developed on which some deter-
minative bacteriology was carried out. Not all
were carried to the point where species could
be determined, nor were metabolic studies
carried out on all the cultures. There was
concern, however, regarding the general re-
producibility of the response to the differential
media employed. The work was done to dem-
onstrate the reproducibility. The 8 cultures
developed from raw waste for this work em-
ployed the following substrates:

1. Cellulose (developed by acclimating human
waste cultures)
2, Human wpste (13-day detention time)

3. Bilirubin (developed by acclimating hu-
man waste cultures)

4. Cellulose (developed by acclimating human
waste cultures)

5. Human waste (7-day detention time)

6. Human waste (7-day detention time)

-3

Human waste (13-day detention time)

8. Cellulose (developed by acelimating human
waste cultures)

Bacterial isolation methods

The initial isolation of organisms from the
8 cultures was accomplished by aseptirally
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transferring a representative sample to each of
the following media:

Blood agur (Difce blood agar base B45 plus
20%. ertrated rubbit cells)

Eosin methylene blue {EMB) agar (Difco B76)
Mueller-Hinton agar (Difco B-252)
Ms-Corkey's agar (Difco B75)

Tomato agar (Difce B-389)

Salntonelic-Shigella agar (Difco B74}

Desoxychslate agar  (Difco B273)

Tiesexycholsie citrate agar (Difce B274)

Dextruse broth (Difco B63)

Nutrient broth (Difco B3)

After initial inoculation onto the medium,
seeded cultures were incubated 24 hours at
377 C.; then representative colonies were taken
from the various media and transferred i»
nutrient agar slants (Difco Bl) and stock
culture medium (Difco B54).

Subeultures from the 8 specimens were
identified by alphabetic letters following the
specimen  numeral.  Representative colonies
were as listed:

1. 1A,1R

2. 2A, 2B, 2FC, 2GHI, 2D

3. 3AF, 3BCDE

4. A, 4B, 4C, 1D, 4k, 1F, 4G, 4H, 4]
. BACD, HR, SEFG

6. 6A, 6B, 6C, 6D

7. A TR, TC,TD, TR, TF

R, RARE, 8C, »D), 8F

Where several letters are rrouped after one
number (for example, 2GH it indicates that
this orpanism wis recovered from different
media seeded from the orgrinal inoculun.  All
organisnms were kept on stock culture medi.. and
passaged every alternate month after purity
and activity el ks, The preceding stock cul-
tures were then destroved
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Preparation of organisms for Warburg studies

The organisms for the Warburg studies
were firsi seeded into nutrient broth and in-
cubated at 37°C. The growth from these
cultures resuited in very high control cxygen
consumption.  The cells were washed in an
attempt to reduce the residual concentration
of medium, but contamination ran high. Next,
plate cultures were used to produce greater
numbers of arganismsg.  This technic censisted
of 1nueulating three petri plates of nutrient
agar by sweep ‘moculation.  The plates were
incubated for 36 hours at 37 C. The resulting
growth was suspended with a duffer solution.
The cream-like suspension was  tranaferred
with Pasteur pipsts into carrying tubes, This
nrocedure gave vise to a high contaminatizn
mortality.

To cut down on the contamination and te
give a higher yield, 200 ml, of tryptose bloud
agar base (Difco B232) was sterihzed in
500.ml. botties with serew tops and allowed to
sofidity.  Each bottle was laid en the side,
thus giving a larger surface area for seeding.
The agrar was inoculated from z fresh culture
on nutrient agar by saspending the organizms
in the “water of condensation” flooding the
suriace of the modium. Incubation for 24
hours at 377 C. yielded 2 luxurivus growtl
in all instances.  Sterile glass beads were added
to the bettles with 10 ml. of sterile buffer.
Gentle rocking buck and forth emualsified the
organisms inte a smonth creamy suspension
with Bittle or no agar particles. Trunsfer of
the suspensian to carrying tubes and addition
of wufficient buffer to make o final volume of
15 ml. completed the procedure,  Sterility and
viability checks were thep run on the cultures
before releasinyg them for the Warbury studies,
The contral oxyyen utilization in the Warburg
wax still very high. To eliminate this exces-
sive activity or at least reduee it, a madifica-
tion in the technic was adopted. The sterile
medium i the H00-ml. bottle was tneabated,
uninoculated, for two  Tovs o oat 37 €0 FPhis
resulted in oa large volune of “water of c¢on-
den=ation™ in the bottom of the bottle: i,
30 to 50 mb This broth-like “water” was re-
moved and the medinm was incealated by pure-

v mechonica! means rathet than by Dleoding




the surface of the agur. The final pure suspen-
sion of organisms was then incubated at 37 C.
for 48 hours to allew the dense mass of or-
ganisms to utiiize any nutritional carryover
from the washoff procedure. This method
strikingly cut down on the activity of the
Warbury blanks.

Warburg experimental protocol

The utitization of the test substrates hy the
pure and mixed cultures was determined in-
directly by measuring the amount of oxygen
utilized by each cuiture. The amount of
oxveen atilized was moeasured with a 14-

piace  microrespirometer (Bronwill-Warburg
type). Fach substrate was tested in duplicate
flasks. The flaxl.< contained 1 ml. of the cul-

ture cell tissue, 0.2 ml. of 20', NaQH in the
center well, 9.1 ml. of substrate, and an ap-
propriate amount of monobasic and dibasic
ammonium phosphate to produce a COD to
nitrogen ratio of 19, A final system volume of
2.2 mi. was maintained. The Warbure deter-
minaiions were carried out at 32 0.01" C.
The giassware used in these studies was heated
for 30 mintues at 3060 F. to minimize con-
tamination.  The air inlets on the manometers
were plugged with cotton to filter incoming
ar at the time of  oset.

The results of the Warbury studies were
computed as eutlined by Umbreit (42) and re-
noried as exveen utilization i micrograms
versus time.  The oxygen utilized is reporied
as the net amount and divided by the input
COD to obtain the oxidation ratios

The substrates employed in the stody were
introduced 1nta the Warborg flask in aoueous
form whenever possible, I the water solubility
of the substrate was low, a solvent wis em-
plovad.  In most cases, the solvent could be
evaporated by slowly retating the flasks on a
shaker tuble, and when less volatile solvents
were used, gentle heating removed the last
traces of the solvent,

The substrate coneentration was determined
by ebeulating the theovetical COD from the
chomical configraration, and then measuring
the COD by a moditied dichromute method.

When substrates were used for more than one
Warburg, the COD was repeated periodically
to provide an added check on substrate con-
centration.

The subatrates were introduced into the
Warbury flask with a tuberculin syringre, and
1-ml. serologic pipets. The cells were intro-
duced with sterile I-ml. pipets. In each in-
stance, pipets and svringes were used for only
one substrate and cleaned immediately there-
after to prevent substrate cross-contamination.

The Warburg flasks were cleaned by the
following procedure:

1. Rinse with tap water to remove residual
cell tissue and substrate.

2. Soak in chloroform and scrub with a
brush to dissolve the silicone grease.

3. Wash with Alconox glassware deter-
gent and rinse in tup water.

4. Soak in hot chromic acid for 10 min-
utes; and rinse in tap water, and finally in
distilied water.

5. Dryv and disinfect in 300 F. oven for
30 minutes.

Substrate depletion protocol

The substrate depletion studies were car-
ried out by use of cultures of small volume
(39 to 60 ml) and a shaker table for aeration.
The substrate in each case was sterilized to
prevent contamination of the system, and the
stbstrate depletion wax foilowed by determin-
iy the COD of the Garified supernatant. The
systems were established at a substrate con-
centration of 700 mo, liter and were tested
until the rate of substrate depletion was ap-
parent.

Chemical oxypen demand

used here s
developed by

The dichromate 0D test
similar to the  maodifieation
Okey (20Y Yor reancing the system volume and
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the required reflux time. In an analvsis of
thirty substratea, Okey found it possible to
reduce the reflux time frem 2 hours, as sug-
gested by Standard Methods (34), to & period
of 10 to 20 minutes—and still obtain accurate
and precise results. In each instance in which
the modified test was used, the efficacy of
the method was checked aguinst a solution of
known oxygen demand or, when this was not
possible, against the long “standard” reflux
time. The details of the modified COD test
are as follows:

0500 x K,Cr,0. 5 ml

Concentrated H,S0, 15 ml

Sample volume 10 ml.

Refiux time 20 minutes

Back-titiate excess K, Cr.Oo with 0.25 N FeoNH ).
(80,)-6H,0.

Nitrite and nitrate detection

The qualitative spot tests as outlined by
Feigl (13) were employved to test for the
presence of nitrite and nitrate.

Urochrome preparation

Urochrome was isolated essentially by the
procedure of Drabkin (9). Urine was acidified
with acetic acid to pH 4 and extracted with
0.1 volume n-butanol. After washing, the
aleoholie sclution was  concentrated, washed
with chloroform, benzene, and ethyl ether.
Jrystallization was induced by further con-
centration and addition of absolute ethanol.
Yields obtamed are normally abeut 70 mg. per
daily urine output.

Differential procedure”

Carhobydrote wtilization.  The individual
isolates obtained from the mixed cultures were
tested by the following procedures. The or-
ganisms were introduced into phenol red broth
(Difco B92) plus 10 specifie carbohydrate.

Nevao s Mavwal gt Detoam oat
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The carbohydrates used were galactose, mal-
tose, saccharose, dextrose, manmtol, and lac-
tose. The cultures were incubated at 37 C.
and read at 12, 18, and 24 hours, and at 3, 5,
7, and 10 days.

Carbohydrate and H,S utdization.  Carbo-
hydrate checks and H.S production were run
on triple sugar agar slants (Difen B263) ; in-
cubation was at 37 (. Readings were taken
at 4, 8, 18, 24, 48, and 72 hours.

Motility and H,N production. Three meth-
ods were used to check the motility of the
organisms.  Each procedure is described in
detail in the following puragraphs.

1. Hanging drop. A drop of 8- to 12-hour
broth culture was placed on a cover slip and
examined microscopically. A single concavity
slide sealed with Vaseline was used as a well.

2. U-tube. The organisms were inoculated
into 0.1'¢ agar in a U-shaped tube plugged
with cotton in both arms. The tubes were in-
cubated at 37 C. for 24 and 48 hours. Motile
organisms travel from the inoculated arm past
the bottom of the U and up into the unineculat-
ed arm of the tube.

3. Sulfite indole motility (SiM) medium.
The isolates were introduced into the SIM
medium by the stab method. The inoculated
tubes were incubated at 37 C. for 24 and
48 hours.  Motile organisms showed diffuse
growth or turbidity, or both—away from the
line of inoculation. H.S production was in-
dicated by a blackening along the line of in-
oculation.

Indole SIM medium  (solid)
and  methyl red - Voges—Proskaner medium
{Difco B16 fluid) were incubated for 24 and
18 hours after incculation.  Indole production
was demonstrated by (a) Kovaes's reagent and
(b)Y Ehrlich's test

produetion.

MR -VP medivmw.  Two tubes were in-
oculited  and  incubated  at 37 After
12 hours, a a-ml sample wax withdrawn from
one tube and tested. The remainder of the




culture was then incubated for an additional
12 hours and examined. Werkman’s test for
Vioges-Proskauer reaction was used in each
case,

The second tube was incubated for 5 days
and the metiyvl red reaction carried out.

Ammonia production or urea utilization.
V'rea broth concentrate (Difco B280) and urea
agrar copcentration (Difco B284) were prepared
and the appropriate base sterilized in screw-top
glass tubes, aseptically mixed, and inoculated.
Incubation was at 377 C. and readings were
token at 24 hours and 36 hours.

Mik., Ulrich milk (Difco B251) was used
instead of the more popular hitmus milk as it
was felt that a wider range of reactions was
ava able with this medium, especially in the
alkali-producing category of organisms. The
medium dispensed in screw-top glass tubes was
incubated up to 21 dayvs at 37 C. before final
reading were taken.

Milk - litmus.  Litmus milk was used at
the termination of the identification program
in an attempt ‘o supplement the data for more
definite classification.

Gelatin, Nutrient gelatin Difco B11) was
dispensed in screw-tep slass tubes and in 50-ml.
vlies bottles. The tubes were incubated at
rcom temperature, whereas the hottles were
incubated at 27 (. after incculation. Stab
moculation was used in both cases. The bot-
tled media naturallyv hquefied at 37 C. and
after 7 days’ incubation were transferred to
the refrigerator until the control bottle gelled.
The various cultures were then checked for
the presence of iiquefaction.  Cultures were
then reincubated for 7 days and the process of
chilling and reincubation continued for a period
of 50 davs.  Results were comparable with
those of the tubes incubated at room tempera.
ture, which gave a scanter growth, but demor-
strated the type of growth away from the hn
of inoculation.

Nitrate reduction.  Nitrate agar (Dircc
B106), dispensed in serew-top tubes, was n

~

oculated and incubated for 72 hours at 37 (.

The presence of nitrites, detected by sulfanilic
acid and naphthylamine reagents, indicated the
reduction of the nitrates in the original media.

Sellers's differential medium. Difco (895,
a comparatively new medium, was used to con-
firm the ahsence of the Mima polymorpha
group of organisms and to assist in the possible
identification of any of the various species of
Pseudomonas or Alcaligenes. Deep stab and
streak inoculation of the medium followed by
incubsiion at 37° C. for 24 hours did not dem-
onstrate any of the Mima polymorpha group.
All of the organisms under study were not run
through this medium.

Nitrogen production. Sellers’s differential
medium {Difco 0895) was used as one method
to demonstrate the production of nitrogen.

V. PRESENTATION OF RESULTS

In this section we discuss first the isolation
and testing of the individual organisms derived
from the various mixed cultures; second, the
metabolism of the mixed and pure cultures, and
third, the adsorption and special metabolic
characteristics of the pure and mixed cultures.

Presumptive isolate identification

The bulk of the metabolism studies were
carried out with organisms derived from the
first 7-dav and 13-day detenti n cultures
established for this study. These were the
organisms labeled 2 and 5. Considerable effort
was directed toward the identification of the
spucies of these organisms,

In au.. 0 to the work on the principal
microorganisn.  determinative work was car-
ried out on the bilirubin and cellulose cultures,
The results o these studies are also reported

pere,

Based on the results of the differential
examination, which are shown in talie VI, the

19




TABLE VI

Results of differential tests
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pure cultures have been tentatively identified
as follows:

2GHI Pscudomonas

2FC Pseudomonas

2B Paracolon

2D Alealigenes or Achromohacter
JAF Alealigenes

3BCDE  Alcaligenes or Achromobacier
4B Gafflya tetragena

5ACD Alealigenes

5FK.FG Achromobacter

5B Achromobacter or Alcaligenes
8A Nucillus sphericus

8B Nocardia

8D Micrococeus urear

The colonial morphology and other per-
tinent data are presented in the following
paragraphs:

2A Low, convex, circular; up to ! mm.
in diameter with entire edge. Grayish, glis-
tening, cram-negative rod; «lightly striated;
1.9 ug.

2B Umbonate, circular; 2 mm. in diam-
eter with entire edge.  Creamy-white, dull,
gram-negative coccobacilli (diplobacilli); 1.9 ug.

2D Low, convex, circular; up to 1 mm.
in diameter with entire face.  Grayish, glis-
tening, gram-negative rod; slightly striated;
1.9 ug.

2FC  Convex, circular; 2 mm. in diameter
with entire edge.  Creamy-white, dull, gram-
negative diplobacilli; 0.7 ggr

2GHL  Convex with papillate surface, eir-
cular; 1 to 2 mm. in diam ‘er with radically
striated periphery and a lobate edge. Gravish,
dull, gram-negative rod; 1.H ug.

FAF  Small, gram-negative bacitli; 0.5 to
1.0 wE.

MACD Lo, convex, circalar; 1 to 2 mm,
in Jdiameter, with crenated edges. Grayish-
white, dull, grame-negative, Olumentous rod;
2.0 up.

nl Convex, circular, Y4 to 'y mm. in
diameter with entire edge. Grayish, dull,
grum-negative rod; 1.H ugg.

nkEFG Low, vonvex, circular. 1 mm. in
digmeter with crenated edges. Grayish-white,

dull, gram negative rod; 2.0 pgp.

The aerobiosis study results were all posi-
tive. The results of the litmus milk study were
all negative—all, no change. The results of
the Sellers’s differential test for the following
cultures were positive: 2A, 2B, 2FC, 2GHI, 6A,
6B, 6D, 7C, and TD.

Metabolism of fecal and urinary constituents

Mired-culture metabolism studies. Mixed
cultures were grown on undiluted human waste
at 7-day and 13-day detentions as previously
described. The mixed cultures were subjected
to a series of Warburg studies to provide a
base for the metabolic studie. of the pure
cultures. The substrates employea were:

1. Sterile human waste
2. Urea

3. Hippuric acid

4. Uric acid

5. Taurocholate

6. Glycocholate
Albumin

¥. Starch

9. Cellulose

10.  Coproporphyrin
11.  Urochrome

12, Bilirubin

13 Riliverdin

1. Creatine

15, Creatinine

16, Dextrose

Although not normal human waste con-
stituents, the tollowing substrates were also
studied :

1. Pyrrole

2. Pyrazole

3. Cyvelopentane

1. Cyclohesane

5 Hexanoie acud
S Pripadnatin

T Triton X-100

Ko Modium stearate

9 'henyl sulfate




The resuits of the Warbur: studies with the
7-day and 13-day detention cultures are pre-
sented in table VII. In evaluating the results,
several correlating mechanisms were attempt-
ed. It was decided to relate the amount of
oxyen used by the substrate flasks (minus the
control) to the COD of the substrate added.
According to available data a ratio, here
termed the oxidation ratio, of approximately
0.6 represents substantially complete utiliza-
tion of the substrate, the remainder of the
substrate being utilized for synthesis.  Unae-
climated microbial systems may use a greater

fraction of the substrate for energy, presum-
ablv to synthesize the enzymes required for
rapid substrate utilization.

Pure-culture metabolism studies. The series
of substrates employed in the metabolism
studies of mixed cultures was employed as well
in the study of pure-culture metabolism.

The oxidation ratios for each substrate and
organism are presented in table VIIL  All
metabolic data are summarized in table I1X.

TABLE VII

O.xygen uptake and oxidation ratios for mired and pure cultures:
mixed enltures

Substrate Input COD Net O, utilized A‘tlvt 0, Txtilizod
(ug.) (ug.) COD input
Culture (7-day detention)
Sulfate 9490 0 No metabolism
Cellulose 1,138 0 No metabolism
Triton X-100 420 i No metabolism
Coproporphyrin 1,800 0 No metabolism
Urochrome 7500 24 0.00267
Raw waste 500 ST0 1.14
Taurochalate Ri RE 122
Glycocholate R 870 1.89
Creatine 204 20 1.16
Dextrose et L 1.21
“ulture (13-day detention)
Raw waste (1) ) i RHL 505
Raw waste (2) W RiHh TR
Hevanoic weid (D44] 170 0271
Hippurne acid LI He 0617
Urie aend RIS BOX L1uh
Starch W 1) 0,
Coproporphyrim X033 AR0 (1 P
Tripalmitin sny 2010 (e
Glycorhalate Thh Rl 1 oS
Toreedchodade MU | (NN 16X

)
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TABLE VIII

Oxygen uptake and orxidation ratios for mired and pure cultures:

pure and bulk ewltures

: Input COD Net O, utilized Net O, utilized
Substrate - — T
(up.) (ug.) COD input
2A
Taurocholate 196 20 0.102
Glyeocholate 151 40 0.265
Dextrose (1) 211 130 0.609
Dextrose (2) 100 460 1.01
Dextrose (3) 1,060 3h5 0.333
Creatinine I 256 0.257
Stearie acid 730 160 0.219
Athumin 250 0 No metabolism
Ruw waste (1) h30 130 0.245
Raw waste (2) 074 230 0.236
Triton X-100 920 50 0.380
Urochrome 7.500 200 0.0267
Coproporphyrin 1,800 60 0.0318
Tripalmitin (1) 335 205 0.075
Tripalmitin (2) 60
Creatine 147 30 0.204
Sulfate (1) 500 205H 0.410
Sulfate (2) R]00O 260 0.325
Cellulose (1) 1,138 a0 0.0439
Collulose (2) 4H5 110 0.242
Celfulose (3) 1,138 320 0.289
Hexanoie acid R15 0 No metabolism
Hippurice acid 7h0 155 0.207
Urie acid 250 170 0.680
Starch 620 0 No metabolism
2B
Raw waste (1) 493 160 0324
Raw waste (2) RIL 170 0321
Raw waste (3) AN 240 0.480
Dextrose 1) oo 260 08T
Dextrose (2) Qo0 420 0914
Dextrose (3) A6t) J0 0.087
Creatinine (1) 49 1} No metabolism
Creatinine (2) S 1l No metabolism
Stearie acid (1) 1,160 TOY 0.479
Stearie acild (2 Rl 10h 0,360
Taurocholate s [ 0.0205
Glycacholate 151 0 No metabolism
Capropurphyrin (1) 4x0 0 No metabolism
Caproporphyrin (%) 1,800 o 0.016
Creatine (1) 17 0 No metabolism
Creatine (2) THY U No metabolism
Sulfate BRI 110 01l
Triton X-100 ] 130 0408
Urochrome 7.500 530 0071
Cellulose 10N R 0noThH
Tripalmitin anh o (R
Starch (1) 620 10 thota
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TABLE VIII (contd.)

Substrate Input COD | Net O, utilized Net O, utilized
(ug.) {uR.) COD input
Starch (2) 386 35 0,001
Uric acid 250 235 0.940
Hexanoic acid 815 110 0.135
Hippurie acid 750 65 0.086
2D

Tripalmitin (1) 600 25 0.0416
Tripnlmitin (2) 670 0 No metabolism
Coproporphyrin (1) il 10 0.0132
Coproporphyrin (2) 1,612 0 No metabolism
Taurocholate (1) 196 5 0.0255
Taurocholate (2) 196 56 0.280
Glycocholate (1) 151 50 0.331
Glyeocholate (2) 151 40 0.265
Raw waste (1) Hony 325 0.650
Raw waste (2) 252 850 0.258
Raw waste (3) 974 200 0.206
Raw waste (4) 500 590 1.18
Raw waste (H) 530 100 0.189
Dextrose (1) 214 150 0.501
Dextrose (2) 1,066 410 0.384
Creatinine 002 200 0.202
Creatine 147 120 0.816

. " Stearic acid 13v 135 0.185
Albumin 250 0 No metabolism
Urochrome 7500 250 0.3333
Cellulose 1,138 330 0.318
Hexanoic acid 815 365 U.448
Hippuric acid 750 125 0.168
Uric acid 250 110 0.440
Starch 620 0 No metabolism
Sulfate 990 340 0.344
Triton X-109 920 160 0.174

2FC

Sulfate 0990 50 0.050
Triton X-100 920 80 0.087
Raw waste (1) 1,u30 265 0.258
Raw waste (2) 500 500 1.00
Raw waste (3) 974 220 0,226
Dextrose 1,066 400 0,376
Creatinine (1) 992 535 0.510
Creatinine (2) 199 0 No metabolism
Stearic acid 30 275 0.377
Albumin 250 0 No metabolism
Hexanoie acid 1,242 505 0.406
Hippuric ncid 1,630 670 0.411
Urie acid iy 15H2 0.228
Starch 1,185 0 No metabolism
Urochrome 7,500 540 0.072
Coproporphyrin (1) 1,890 0 No metabolism
Coproporphyrin (2) 3RO 110 0.290
Tavrocholate 196 148 0.755




TABLE VIII (contd.)

Substrate Input COD Net O, utilized Net 0_2_ut.i1ized
(ug.) (ug.) COD input

Glyeocholate (1) 151 10 0.066
Glyeocholate (2) 3oz 180 0506

Creatine 147 79 0.037
Tripalmitin (1) 0 No nietabolism
Tripalmitin (2) 208 0 No metabolism
Coellnlose 1,138 [i] No metabolism

2GHI1

Raw waste (1) LRt 190 1,195

Riaw waste (2 A0 Hso 1.26

Raw waste (3) Ha 260 0005

Raw waste (1) S5 n00 1.00

Dextrose (1) 1,066 18D (1361

Dextroase ¢2) 214 115 0.537
Creatinine Hug 20 0.021

Stearie acid (1) PRIN 300 0.411

Stearie acid (2) 200 460 1.07

Alhumin 250 0 No metabolism
Sulfate 900 275 0.278

Triton X-100 a0 340 0.370

Cellulose (D 1,158 210 0.184

Collulose (2) 1,1:R 275 0,242
Tripalmitin (1) R{11 110 0.410
Tripalmitin (2) 2GR 0 No metabulism
Coproporphyrin (1) THe 225 0.298
Caproperphyrin (2) o6 on 0.119
Tauracholate 196 125 0.639
Glyeacholate 101 | 0 No metabolism
Creatine 147 120 0.R16

Hexanote acid 621 280 0.451

Hippuric acid 815 465 0.570

Urie aeid RARY R0 0.241

Starch 03 0 No metabolism
Urochrome 1,500 0 No metabolism

2-Bulk

Rav waste (1) H00 930 1.86

Raw waste (2) ) 200 1.80

Cellulose (1) 1,148 300 0.264

Cellulose (2) 1,158 250 0.220

Starch 11y 482 150 0.311

Starch (2) AR2 150 0311

Creatine (1) 306 215 0587

Creatine +2) RO 200 0.540
Creatinine (1) BRI 200 0.510
Creatinine (2 su2 100 0,255
Coproporphyrin 1,880 U No metabolism
Urochrome 7,500 0 No metabolism
Tripalmitin 335 0 No metabolism
Sulfate Qe 150 0,151

Albun:in 125 115 0.27
Taurocholate 1446 40 0.220
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TABLE VIII (contd.)

Subatrate Input COD Net O, utilized Net O, utilized
(»g.) (xR.) COD input

Glycocholate 151 70 0.464

Stearic ncid 202 190 0.650

Dextrose 214 115 0.536

Triton X-100 0920 290 0.315

SACD

Sulfate 990 0 No metabolism
Triton X-100 920 0 No metabolism
Creatinine (1) 314 7% 0.239
Creatinine (2) 992 610 0.615
Creatinine (3) 314 180 0.573

Cellulose 1,138 88 0.077
Urochrome 7,500 190 0.025
Tripalmitin (1) 268 2 0.075
Tripalmitin (2) 268 0 No metabolism
Raw waste (1) 500 395 0.790

Raw waste (2) 530 1256 0.236

Raw waste (3) 974 350 0.359

Raw waste (4) 500 475 0.950
Hexanoic acid 815 280 0.343

Hippuric acid 750 1) 0.734

Urie acid 250 150 0.600

Starch 620 50 0.081

Dextrose (1) 1,066 425 0.399
Dextrose (2) 460 170 0.369

Stearic acid (1) 730 380 0.520

Stearic acid (2) 202 RS 0.291

Albumin 250 0 No metabolism
Creatine (1) 366 225 0.616 .
Creatine (2) 147 86 0.585
Taurocholate 196 80 0.407
Glycocholate 151 95 0.629
Copreporphyrin 380 40 0.105

5B

Taurocholate 196 135 0.690
Glycocholate 151 195 1.29

Stearic acid (1) 202 225 0771

Stearic acid (2) 730 0 No metabolism
Albumin (1) 560 240 0,429

Albumin (2) 500 1,675 3.35

Raw waste (1) 0974 1,150 1.18

Raw waste (2) 530 240 0.452

Dextrose (1) 1,066 0 No metabolism
Dextrose (2) 460 R0 0.R36
Creuatinine 992 0 No metabolism
Sulfate M} 00 0.001

Triton X-100 Y20 0 No metabolism
Tripalmitin BRI 0 No metabolism
Urochrome 7,500 0 No metabolism
Coproporphyrin 1,R90 50 0.026

Cellulose 1,138 180 0.158




TABLE VIHI (contd.)

Substrate Input COD Net O, utilized &30_ uti!_ize_(‘l
(ug.) (2R.) COD input
Hexanowe aeid K15 100 (1114,
Hippurie aeid 00 125 0.166
Urie aeid 250 100 0..400
Starch (Bil [i] No mutabolism
SEFG
Suliate 0990 {] No metabolism
Triton X-100 020 Ho 0006
Raw waste (1) 30 135 0,255
Ruw waste (2 hi 1,300 RECH)
Raw waste (1) [0 Anh aul1n
Hexanoie acid RB15 [t} No metabolism
Hippurie acid THY 300 0.t
Urie acid 250 115 .14
Starch G20 0 e metabolism
Dentrose 1,066 HN) 0.563
Creatine 117 a5 0.674
Creatinine (1) GRS 160 Hh161
Creatinine (2 0a2 6o 0.655
Stearic aeid (1) 0 325 0445
Stearie acid (2) 02 1. 0,10y
Albumin 250 0 No metabolism
Coproporphyrin 1,h12 RH 0.0113
Urochrome 7.500 0 No metabolism
Tripalmitis 268 15 0,168
Cellulose 1,138 REH] 0.107
Taurocholate 196 150 0.765
Glyeocholate 151 50 0.3:31
5-Bulk
Coproporphyrin (1) 06 155 0.205
Coproporphyrin (2) R0 1.tH 0382
Creatine (1) 117 200 1.49
Creatine (2 147 205 1.146
Urochrome 7,500 3RS 0.051
Tripahmitin 340 il No metabolism
Cellulose 1,183 Hia 0.4.48
Sulfate (1) HRIL hHUH 0.505
Sulfate (2) ) 210 0.212
Starch 413 500 1.105
Triten X-100 w2 TS 0842
Afbumin 425 3RO 0.895
Tanrocholate (1) 1946 194 0070
Taurocholate (2) 196 REH) 1.20
Glycacholate (1) 151 220 1w
Glycocholite (2 1! 315 2.00
Stearie acid (1) 202 170 0.HR2
Stearie acid (2) RN 170 1582
Dextrose (1) 214 305 1.11
Devtrose (2) RERS B{IN] 1.1
Dlextrose (3) 214 6h 0308
Raw waste 202 166 LRH

27



TABLE IX
Exrtent of substrate oxidation (summiary)
Organism
i |
Substrate 2A 2 1 2n ; 2FC [2GHI [2-Rulk [SACD |5EFG | 5B 25-8111!\ 7-Day [13.Day
Raw waste 0245 0321 | 0189 ] 100 1.26% 1 ~.80 0.236 1 0.255 [0.45 l{(h‘:lS 06282 | 0.81*
0.235 ;0224  iIr* A28 |1.00 | 1.86 N.790 ; 0.910 [1.18* l 0.895 | 0.5905
C.150 0.296 lo.:zes 0.505 0.359 i 0.314
: L 6.650 | 7,195 0.956 i 0.145
% fo2se | | 1 1.14
; i z !
Dextroze 0333 [0.087 {0384 | 037 0.3R1 | 7536 | 0.363 ! 0.5€3 [0.76 : 0.204 10561 | 0.485
1ot 9814 | et 0.537 0.399 0.835 141 ju.084 |
L G0y | 9487 { {140 0123
; : { rer |
| H i
Coproporphyrin 0032 10016 | 0013 !0.()0 0.268 | 0.00 0.105 ; 0.011 ]0.526 l‘ 0.282 1 0.00 | 0473
FH.00 0.08 0.290 | 0.119 . 0.205
]
: |
Urochrowe { 0027 10071 | 0.03 4.072 | 9.00 0.00 ¢0258 | 9.08 0.00  10.051 0003 i 0.087
1 i | |
Tripa mitin ! 0.075 0148 ] 0.0.7 0.0 0.410 | 0.00 0.00 | 0148 0.90 0.00 ¢ 9.336
% | 0.00 0.00 0.075
{ i
i L
Albumin booo | 000 1000 |000 | 0271 000 o000 13357 [oReE 0 540%) 1.08%
' ’ 10.420 | 0870
§ ; I i
Taurocholaie 0.162 foazs 0280 | 0755 | 0.639 | 0.229 | 0467 1§ 0.765 (0630 | 1.20 j1.22 0.58
EIRIRTS ; 0.970 !
! : i i |
Glycacholate Qs 000 OURR ! 0.066 [ 0.00 | 9464 1 0620 | 0331 [1.28 1209 1S JO8
: 0321 ¢ 0.506 : ’ ivge | !
. T N A
Stearie acid 0215 {0380 L OISR (0277 0411 D 0650 | 0.201 | 0.199 {671 ‘ (1.582 | 0.752
(sadium zait) 0476 | 3 157 0.520 | 0.415 | [ 9.582 | 0.202
I : { H 1
‘ ‘ i |
Triton X-100 0.380 | 0.458 ' 0174 3@11&:7 fosto | 0515 [ eeo |06 100 | 082 {e00 | o071
I i d
¢ j i
Phenyl sulfate 0.32h | 0414 Pesag lowso [o278 1 0151 L oco | 00 looer [ n2i2 | eoo
0410 | { i | 0.505
1 | i
Cellutose 0242 l 0075 i GaE ung . BARe T 02 1 0077 L0197 {0158 10448 | 0.00 0.026
004 | | Pz s
1250 ! ! !
\ | * !
Starch 0.00 i [EXSIER B ] : t.en (LU VIS B 0 Ukg 080§ 000 1oL ] 0329 | 0.253
|’ oule | p ot |
; 1 i i
i )
Creatine AR TR { ale T aaRT RIS 05t | LARA L gaTd 148 1.16
(g ‘ i 1 IR UGS 149
:‘ | ;
Creatinine 0207 ] i l Q202 [ g | essy Loobh oo 8 ) uehd | 6oy i 1.00
‘ ot L0 a0 I duth 9161 i 1.00
[ § i R
| | 289
t l‘ ‘
Poaxanote actd 0.4 g{n.l:;» U I URIUL R R B | G 0l ] 0368 0671 1 0274
l |
Hippurie neid 0207 | o088 f o R 0T [ 0T ! 0,744 ‘ [USTH T T T 0484 | 67
1
! i
Urte acid (IRTT S T { (LR R (LI ISR I E IR | .60 L;}.xei 0,404 Lisg | OL14s
SNpnite fetevted aualitatong ly t.«‘l [RICENTRRLRTING T
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Adsorptive and special metabolic studies

Nulitrate cultures.
Studies were carried out to determine the order
of <ubstrate removal by pure cultures, The
cultures used in this work were -~clected for
their ubility to assimilate those substrates
shown to be adsorbed in previous work.  Chap-
man et al. (6) demonstrated that human waste
components and albumin were rapidly adsorbed
onto activated sludge.  The removal pattern
wis shown to be a first-order or concentration-
dependent phenomenon.  The substrate depie-
tion experiments were carried out as outlined
in the experimenta! protocol.

adsurption by aure

The adserption studies indicated that little
or no adserption onto the pure cultures toox
nlace.

Npectal metaholivng studies

1. Adaption tc hestianic acid.  Previous
worx () has indicated that cultures of high-
sulids  activated  sludge  accumulate varving
quantities of a refractory brown pigment.
These materials were piven the yeneral name
of hestinnie acid. Emunuel (11), in a detailed
study ot the complex mixture of materials =o
deseribed, tentatively coneluded that the mate-
were melanin-like.  Although not weli
decumented, 1t appeared that these substances
were in a higher concentration in long deten-
tien ik to 20-day) svstems than in those
cperating on shorter detention times.

rials

Te evaluate the assimilability of hestianic
Sh0-mi, 13-dav detention culture was
established as previously deseribed and per-
mitted to accuniitate nestianic acid.  The latter
nuterind was precipitated from che discarded
supernatant each dayv by use of the separation
procedure of Chapman (6). The precipitate
wits then washed, neutralized, and returned to
the culture.  After 30 davs of such operation,
the culture had accumulated 207 myg. dry
weirht of materiad which responded to the
separiation procedure.  The hestianate was re-
turned to the culture and the svstem was
aerated for 30 dayvs, At the end of the 30-day
period, the separation was  repeated and

actd,

200 my. of hestianic acid were recovered. The
culiure was unabie te assimiate glucose at this
point and gave every indication of not being
viable.  Hence, no organisms were recovered,
and no further efforts were made to adapt
organisms to hestianate,

U Adaption to bile pigments.  Early work
on this contract indicated that neither bilirubin
nor biliverdin was rapidiv assimilated by acti-
vated sludge To examine the problem further,
a culture ¢ 3-day detention) receiving only
waste was fed a4 waste mixture enriched with
10 me. liter of sodium bilirubinate. This mix-
ture was fed for & period of 3 months at the
end of which time tne cells were subjected to
Warbury study.

Sodium bilirubinate was prepared by adjust-
ing o suspension of bilirubin to pH 7.3 with
NaOH. The bilirubin culture utilized about
100 .. of oxyyen over the blank. This con-
stitutes about 144 0 16°7 of the theoretic
amount based on  data  of  Servizi and
Bogan (32). This roughly correlates with the
oxvgen required to oxidize the side chains to
carboxyl groups adjacent to the pyrrole rings.
This extent of vxidation encouraged additional
work in two areas—the isolation and study of
single organisms from the culture exposed to
bilirubin, and a specific analysis of the biode-
gradability of ovrrole and a group of similar
compounds.

Two organisms were isolated from the
culture exposed to Dbilirubinate—3AF and
3BCDE. The organisms were studived further
in Warburg analysis,  The organisms showed
about the same ability to assimilate bilirubim.
Biliverdin, however, appeared more refractory
than bilirubin., and neither organism could
assimilate pyrrole, although 3BCDE appeared
to assimilate a small quantity of pyvrazole. Both
organisms  demonstrated a substantial capa-
bility to assimilate raw waste.

The culture which was fed pyvrrole as a sole
carhon source was started at 10 mg. liter and
increased uniformly for a week until the sub-
strate concentration was 200 my.liter. At
this point, the cells were emploved in a War-
burg study.

29




The culture metabolized no pyrrole although
the concertration in the Warburg flask was
substantially the same (150 myg. liter) as the
final concentration of that material fed to the
culture. Interestingly, the culture exposed to
pyrrole was able to metabolize substantial
quantities of cyelohexanol and evelopentane;
however, no bilirubin was utilized.

The culture was reinoculated with 300 mg.’
liter per day of raw waste and fed both pyrrole
and raw waste at that rate for 2 weeks. The
cells derived therefrom were emploved at that
time for further Warburg studies. Thexe data
are presented in tabies X and X1

In the study empleving the cells from the
culture receiving both pyrrole and raw waste,

127 to 16 of theoretic gas uptake for bili-
rubin was ayain observed. In addition, some

small  quantity of pyrrole appeared to be
utilized.
3. Adaption to cellulose. The jprocedure

emploved in the study of cellulose adaptation
and meatabolism by pure cultures was similar
to the methods described in the previous sec-
tion dealing with hile pigments and hestianic
acid.  No preblem was encountered in develop-
ing a mixed culture capable of metabolizing
cellulose as a sole carbon source. Difficulty
wis encountered in growing an adeguate quan-
tity of cells on cellulose for the Warburg
studies.

TABLE X
Oxygen uptake and oxidation ratios for mired and pure cultures
Input COD Net O, utilized Net 0., utilized
Substrate - SR
(ug.) (ug.) COD input
3BCDE

Raw waste 980 495 0.505

Riiirubin GRO 125 0.128
Cyclepentane 10,400 100 0.0096

Pyrrole 6,150 0 No metabolism
Pyrazole 300 78 0.260

3AF

Raw wazte | 430 500 0.510

Bilirubin \ RESY 35 0.0357
Biliverdin i 00 0 No metabolism
Pyrrole ' S04 10 0.030

Pyrazole | 200 49 0.163

Kilirubin

Raw waste 1,050 el 0.536

Rilirubin 1,070 117 0.109
Cyclopentane 10,400 136 0.013

Pyrrole 300 0 No metabolism
Pyrazole 300 0 No metabolism
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TABLE X!

Nxygen uptake and oridation ratios fer miced and pure cultures

Innut COD Net 0., utilized Net 0, utilized
Substrate - e
(ug.) (ug.) COD input
i
Pyrroie
Cyclohexane i 1,000 | 165 i 0.165
Cyclopentane | 1000 | 229 ; 1229
Pyrazoje ' 300 | 0 ! No metabolism
Pyrrole f 300 ? {) ; No metabolism
Bilirubin : a0 ; 9 ! No metabolism
Pyrrole - raw waste

Pyrrole ! 6502 50 0.0868
Bilirubin . 990 165 ! 0.167
Raw waste i[ 103 115 l 4.02

A yreat deal of time was expended in at-
tempting to transfer the organisms from a
mixed mother culture to small sterile vessels
containing mineral salts and cellulose. These
attempts were not successful in that no utiliza-
tion of cellulose coold be demonstrated in the
Warburg apparatus over a 24-hour period, al-
though some cell proliferation did occur.

Later attempts at corganism isolation in-
volving the use of sterile waste enriched with
cellulose were more suceessful,  In summary-—

1. Cellulose suspended in distilled water failed to
give any growth

2. Cellalose agar (Vo agar 6o cellulese in
phosphite buffer) also gave no growth,

3. Cellulose agar (1 agar + 170 cellulose, .07
peptone in phosphate buffer) gave only a little growth.

4. Raw waste was diluted to 6 pm.-liter. A cellu-
lose suspension at 25 gm. hter was prepared with the
A series of B tubes
cantaining & ml. of 4 stertle mixture of the con-

uztal phosphate ammonia buffer,

stituents  in method 4 was  prepared according  to
tuable X111

The tubes were inoculated from nutrient
agrar slants and incubated for a total of 70 days

TABLE XII

Medio employed for arowth of eellddose-using

organisms
T
Tub- .. i Raw waste* (ml.) | Cellulose* {ml).
1 h 0
2 : 6 2
} : 1 4
4 ! 3 5
5 ’ 2 6
# 1 7
v : 0.5 7.5
B i 1 b
Sln e

at 37 0 Good active growth was found in
all fubes ranging from raw waste to 100%
cellulose with the following organisms: 21C,
2GHTE nb, T8, TF, and 84,

Plute ounts were made from the cultures
preparcd by method 1 to indicate the concentra-
tion. The 100 cellulose culture was used for
the plate count, diluted in trevptose blood agar
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base with dilutions of 1/1,000 and 1/10,000.
Pour plates were incubated for 18 hours.
Colony counts resulted in the following yields:

Orgenism Organisms per milliliter
2FC 2,000
2GHI 7,848,000
68 1,184,000
7B 381,000
7F 583,000
8A 148,000

After the completion of the work described
in the previous paragraph, Warburg studies of
cellulose metabolism were carried out with the
bulk of the organismg harvested for Warburg
study as previously described. These organ-
isms showed a surprising amount of celiulolytic
activity with little of the lag time which nor-
mally characterized cellulose utilization by
activated sludge. The data concerning cellulose
utiiization by the pure cultures were presented
in the section dealing with the metabolism of
the pure cultures.

V1. DISCUSSION

Significance of observed metabolic patterns

The results of the metabolism studies per-
mit a broader characterization of the activated
sludge process than heretofore possible. Al-
though lags and other metabolic aberrations
prevented the acquisition of quantitative data,
the use of raw waste and glucose as standard
substrates permits comparisons which can
serve in lieu of more specific a .aatitative
information. Every effort was 1u... to main-
tain the cultures, both mixed and pure, in the
best condition to insure uniformity of behavior.
Wherever possible, replicate tests were scp-
arated by long periods, greater than 2 weeks, to
evaluite any problems introduced by mutation
and reversion,

The organisms idertified in the present
work have, for the most part, been previously
noted in activated sludge. Henee, it is assumed
that the comiments pertaining to activated
sludge operation probably are general and ap-
ply equally to the high-solids and conventional
system.
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It has been frequently postulated that no
one organism could possibly carry out the steps
required for all the saprophytic activity seen
in activated sludge. Ingram (20), as men-
tioned earlier, made such a statement in his
review of activated sludge microbiology. The
concept i3 derived from the assumption that
a tightly controlled symbiosis exists in activat-
ed sludge; a relationship in which organism A
alters substrate A’ to B, then organisra B alters
B’ to C’, and 80 on. Hence, organism B removes
waste produce A’, and so on—a true symbiosis.

What has been observed in the present
work, hhwever, does not support the concept
of a symbiotic relationship. What is seen,
instead, is a commensal relationship, in which
the activity of a few macromolecule-users bene-
fits many other organisms unable to assimilate
complex substrates. The data obtained in this
study permit a clearer understanding of the
commensil relationship.

To provide a means of evaluating the re-
sults of the metabolism study, tables X11I and
XIV have been prepared. The data presented
therein have been organized in such a fashion
as to provide a means of recognizing the mor2
resistant substrates and to evaluate the effects
of commensalism.

Although many substances did not appear
to undergo complete metabolism when offered
singly, Okey and Bogan (26) have shown that
the presence of alternate substrates will assist
in the complete assimilation of a new or some-
what refractory material.  For this reason,
oxidation ratios of 0.3 to 9.4 may well be 0.6 to
0.7 when the test substrate is augmented with
additional metabolites.  Hence, an oxidation
ratio of 0.3 has been arbitrarily chosen to
represent substantial but incomplete metab-
olism.  The lower limit of 0.1 was used in
tuble XV because it roughly represents the
Himit of reproducibility of the Warburg pro-
cedure,

The existence of commensal relationships
¢in be noted in tables X1, X1V, and XV by
observing the extent of metabolism by mixed
or bulk cultures as compared to that of the




TABLE XIII
Observed index of substrate biodegradability

Number of | Examinations yielding oxidation |Isolstes with oxidation
Substrate tests ratios > 0.6 ratios > 0.6 (%)
Total | Mixed | Bulk | Pure
Urie acid 10 5 2 NT 3 3%
Hippuric acid 10 2 1 NT 1 125
Hexanoic acid 19 1 1 NT 0 0
Creatinine 17 4 2 U 2 125
Creatine 14 7 1 2 4 50.0
Starch 14 1 1] 1 0 0
Cellulose 16 0 0 0 0 0
Phenyisulfate 13 0 i 0 0 0
Triton X-100 14 1 0 1 0 0
Stearic acid 17 4 1 1 2 25.0
(sodium salt)

Glycocholate 15 6 2 5 1 ! 12.5
Tauracholate 14 8 2 2 4 50

Albumin 14 5 3 1 1 12.5
Tripalmitin 14 0 0 1] 0 0
Urochrome 12 U {0 [t 1] 9
Coproporphyrin 17 0 1] i) 0 0
Dextrose 25 8 1 2 R 67.5
Raw waste 3D 14 2 H 8 5.0

Diarta not corrected for mtrifieation.

NT Not tested.

TABLE X1V

Observed inder of substyate biodeyradability

. Number of | Exuminations yielding oxidation |Isolates with oxidation
Substrate tests ratios > 0.3 ratios > 0.3 (9¢)
Total  [Mixed ‘ Bulk Pure
Urie acud 10 8 2 NT A 7H0
Hippurie acid 1 [ 2 NT { 50.0
Hexanote acid 10 1 1 NT 3 62.5
Creatinine 1 7 2 { 4 3R.5
(reatine 11 11 1 1 6 62.5
Starch 1 K} 1 2 1] 1
Cellulose 16 2 0 1 1 12
Phenylsulfate 13 5 0 1 1 375
Triton X-100 13 [ 0 2 3 375
Stearie acid 17 12 1 3 R R
(sodium salt)
Glyvocholute 1h HH 2 { ) (L)
Tawrocholate 1 ] 2 2 O (2.5
Albumin i 6 3 1 2 125
Tripalmitin 1 2 1 i} 1 125
Urechrome 12 th 4 ] 0 1]
Coproporvhyrin I 2 1 1 v ;
Dextrose 20 21 3 4 14 100
Raw waste 3D 28 v 1 4 15 104

Data oot corrected for nitoficntion,
N Not tosted
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TABLE XV
Observed indexs of substrate biodegradability

Number of | Examinations yielding oxidation |Isolates with oxidation
Substrate tests ratios < 0.1 ratios < 0.1 (%)
Total | Mixed | Bulk Pure
Uric acid 10 0 0 NT 9 0
Hippuric acid 10 1 0 NT 1 12.5
Hexanoic acid 10 2 0 NT 2 25.0
Creatinine 17 b 0 0 5 376
Creatine 14 2 0 0 2 14.3
Starch 14 9 0 0 9 87.5
Cellulose 16 5 1 0 4 37.4L
Phenylsuifate 13 6 1 0 5 50.0
Triton X-100 13 6 2 0 4 5.0
Stearic acid 17 0 0 0 0 0
(sodium sait)
Glycocholate 15 3 0 0 3 25.0
Taurocholate 14 2 0 0 2 12.5
Albumin 14 7 0 0 i 875
Tripalmitin 14 10 0 2 8 62.5
Urochrome 12 12 2 2 8 100
Coproporphyrin 17 10 1 3 8 62.5
Dextrose 25 3 1 0 2 0
Raw waste 35 0 0 ¢ [ e 0

Data not corrected for nitrification.
NT - Not tested.

isolates. For example, the interdependence be-
tween organisms is clearly evident in the me-
tabolism of starch, glycocholate, taurocholate,
and albumin, and possibly in raw waste and
the detergent, Triton X-100. Also, based on
the bulk culture metabolism of coproporphyrin,
phenylsulfate, and cellulose, some commensal-
ism may exist during the assimilation of these
molecules by activated sludge. On the other
hand, the bulk of the small molecules was
metabolized by many of the isolates to a sub-
stantial extent. This conclusion is also evident
from the data presented in tables XIII, XIV,
and XV,

The origin and precise nature of the com-
mensalism observed in this work could only
- determined by repeated studies of varyving
combinations of the isolates obtained from
the activated sludge. Such a study could add
a great deai of information to our current fund
of knowledge; however, it was clearly beyond
the scope of the present work.
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The extent of the metabolism of urochrome
was extremely low by both the mixed and pure
cultures. Because it was necessary to elimi-
nate any volatiles from the Warburg flask, it
is possible that some of the urochrome was lost
which would, in effect, produce a lower oxida-
tion ratio. It would appear that additional
studies with more refined technics, both of
isolation and of sample preparation, should be
carried out to further define the picture con-
cerning urochrome metabolisin. Thig is the
only instance in which it was not possible to
assure a good quality substrate in the Warburg
studies.

The results obtained support the concept
that many organisms can totally assimilate
small molecules; however, the capability to
reduce the size of the large molecules such as
albumin and starch was limited. What is seen,
therefore, is the widespread capability to as-
similate most small substances, but a limited
capability to release small [ragments from




larger molecules. The release of the small
fragments probably benefits all the organisms
in the mixed cultures. This pattern was noted
with all substrates except cellulose. Cellulose
assimilation was considerably more widespread
than first anticipated. A curious aspect of the
organisms metabolizing large molecules was
their inability ‘o assimilate many small
molecules.

Since large molecules comprise most of the
material, in terms of mass, contained in human
waste, the factor of commensalism in the
metabolism of large molecules has an important
bearing on human waste treatment and the
synthesis of a biologic system from pure cul-
tures. It can be assumed that for human waste
assimilation, commensalism is common. Com-
mensalism would be of less importance in treat-
ing individual small molecules which are
present in many kinds of industrial wastes.

It is seen, therefore, that in developing a
microbial system from pure cultures to sub-
stitute for an activated sludpe system, many
organisms mayv suffice, but only two basic
properties are required—!large-molecule and
small-molecule metabolic activity.

The most efficient system metabolizing hu-
man waste would be one employing the large-
molecule users in a system without competition
from other organiams. Such a system would
allow a maximum rate of proliferation of large-
molecule users, and could conceivably reduce
the time required for overall waste assimila-
tion. It would then be possible to follow such
a svstem with a reactor designed for the clean-
up of small molecules, It appears obvious that
in the normal competitive environment of a
waste treatment system receiving unsterilized
wiaste that the required holdup time will be
extended by the limited rate of growth of the
Lrge-molecule users.

Nitrification in activated sludge

The ability to produce nitrate or nitrite or
act i nitrate and urea was found to be wide-
spread in the mixed cultures. The oxidation
of reduced nitrogen as an energy source, as seen

in the Warburg procedure, is characterized by
an oxygen use greatly in excess of that to be
expected in theory. This occurrence prevents
a reliable determination of the extent of sub-
strate oxidation. There appears to be no way,
however, that the oxidation of nitrogen can be
prevented in those instances in which excess
nitrogen is present in the substrate.

It has been assumed that the pure culture
work wouid not be hampered by extensive
nitrification, as it is commonly held that the
oxidation of nitrogen is carried out primarily
by the autotrophic nitrifiers, Nitrosomonas
and Nitrobacter (16, 21). In addition, these
organisms are not thought to be heterotrophs.
There is some evidence that some of the
isolates examined, while being saprophytic, may
also utilize the oxidation of nitrogen as a
source of energy. It appears certain that the
5-bulk cultures during the metabolism of
creatine, glvcocholate, taurocholate, and dex-
trose were given the impetus to carry out some
oxidation steps beycnd substrate oxidation not
carried vut by the control cujtures. The tests
for nitrite and nitrate showed that, in some
instances, compounds were formed during in-
cubation which gave positive reactions for one
or both of these materials.

It is tentatively suggested, then, that some
of the commonly encountered saprophytes can,
under some conditions, use reduced nitrogen
as an eneryy source. If proved to be the case,
such a finding might explain why an activated
sludge system after long perieds in a low
dissolved-oxygen environment and heavy or-
ganic load (which would provide little oppor-
tunity for the growth of purely autotrophic
organisms) will suddenly produce large quanti-
ties of oxidized nitrogen. Such an observation
was made by the Boeing Company during the
“Mesa™ manned chamber run (29).

As a practical matter, it would appear to be
desirable to suppress the oxidation of ammonia
in a remcte environment.  First, the oxidation
of nitrogen yvields energy which permits a
higher synthesis rate.  Second, ammonia, be-
cause ot gts relatively greater adsorbability,
gaseous nature, and ease of detection, appears
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to be an easier contaminant to handle than
nitrite or nitrate.

In the Boeing “Mesa” manned chamber run,
high rates of conversion of ammonia to nitrite
were observed when dissolved oxygen levels
were maintained above 0.5 mg. liter. There-
fore, control of dissolved oxygen levels below
that puint may prevent ammonia oxidation. It
19 alyo axiomatic that, in a reactor, thorough
scrubbing of ammonia will reduce the available
nitrogen to minimum levels. Another interest-
ing possibility is the removal of ammonia as
nitrogen. The latter control mechanism is pos-
sible because of the peculiar biochemistry of
the nitrate and nitrite users, which will, under
conditions of partial anaerobiosis, convert the
bulk of the oxidized nitrogen to nitrogen gas.
Hence, it appears theoretically possible to con-
vert the plant effluent ammonia to nitrate or
nitrite and then, under conditions of low- or
zero-dissolved oxygen, convert the nitrate or
nitrite to nitrogen gas. Johnson and Schroe-
pfer (21) have studied such a flow sheet and
found it to function as described.

Bilirubin and pyrrole metabolism

Despite repeated efforts, substantial metab-
olism of bilirubin or pyriole could not be dem-
onstrated. Some of the organisms studied,
however, were able to assimilate copropor-
phyrin to a substantial extent. These two
molecules both contain a tetrapyrrole group.
Bilirubin is a linear tetrapyrrole and copro-
porphyrin contains the four pyrrole rings in
the basic heme configuration

Acrobic organisms contain enzvmes of the
terminal reapiration sequence which  posseass
the heme configuration. It is natural to as-
sume that some internal mechamsm exists for
the conservation of the nitrogen contuined
the pyrrole and the utilization of the molecule
itself. The results of the present study show
that the tetrupyrroles are at least moderately
refractory.

Although 1t may be only coincidental, the
behavior of sodium bilirubinate and hestianic
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acid was very similar. According to Eman-
uel (11), hestianic acid contains nitrogen and
is also aromatic, indicating that at least part
of the substances contained in hestianic acid
may also be derivatives of bilirubin.

The comparative ease of metabolism of the
4-, 5-, and 6-membered non-nitrogenous cyclic
molecules indicated that the molecular char-
acteristic creating the behavior was the hetero-
nitrogen in the ring. The most profound effect
that the heteronitrogen has on the molecule is
to change its polar and electronic characteris-
tics. There is some evidence which supports
the concept that alterations in the foregoing
characteristics may affect or reduce the rate
of transport or catabolic attack (26). The
findings here would appear to support this con-
cept, particularly the portion dealing with
transport, as the assumyion ix made that some
intracellular pyrroles exist in most aerobic
microbiota.

It would appear axiomatic that seme mech-
anism must exist in nature for Jdestroving the
linear tetrapyrroles. It 18 also necessary to
note that other types of mechanisms, purely
chemical (i.e., photocataivtic), or the involve-
ment of a highly specitic saprophyte not ob-
served here, may be rexponaible for the ulti nate
destruction of such compounds,

Adsorption of substrates by pure cultures

Ingram (20) postulated that the so-called
zoogleal material or <limex exereted by many
of the bacterta commonly found i activited
studpe may be resxponsible for the rapid nons
oxidative uptake of certidin substrates, {re
quently termed biologe adsorptin. The <himes
appear to be excreted by crpani<sms prowiny
bevend the logarthmie prowth phase and,
therefore, would not be present in the dispersed
yrowth obtained for studv in this work,

Instead of o rignd nonsxadative uptake of
substantial quantities of substrates as has heen
previnusly reported for clanfied raw waste and
atbumin, i the pre.ent study <irht to neels
gible amounts of substrates were removed
rapidly foliowed by alinear (non-concentr-dion.

dependent) removial pattern,




This type of assimilation pattern is similar
to that noted in earlier studies (6) for small
substrate molecules. These findings would
tend to support the concept that the zoogleal

slime is responsible for the bulk of substrate
adsorption.

The zoogleal slimes appear to result from
the way the conventional activated sludge sys-
tems are operated. As the sludge mass per
unit of utilizable substrate is increased, the
system tends toward steady state. It is at, or
near, the steady-state situation that the sludge
becomes “‘activated” and a substantial quantity
of slimes is produced. This occurrence may be
a direct reault of the increased competition for
food. During periods of dispersed (nonfloc-
culating) growth, where food is in excess, the
slimes do not appear to form to any substantial
degree. Therefore, the phenomenon of adsorp-
tion may be said to be a direct result of the
mode of system operation.

Comments on the characterization of the
activated sludge process

In the present work, organisms contained
in high-solids activated sludges have been
isolated and tested. In each instance the or-
ganisms have previously been isolated from
biologric waste treatment systems, as iz ev-
idenced by Ingram’s thorough review; however,
the metabolic characteristics observed here of
the isolates and the combinations thercof per-
mit some significant gencealizations about the
process,

It appears certain thiat a mixed culture of
at least three organisms will be required to re-
produce the activity of an activated sludge
facility.  Although time did not permit such
an appraisal in the laboratory, an analysis of
the oxidation ratio data indicates that or-
granisms capable of assimilating the complex
molecules, and one other capable of substantial
small-molecule activity could conceivably suf-
fice, although a combination of three or more
organisms might complete oxidation faster.

{t also appears certain that nitrification will
occur unless strict control of the dissolved

. nitrogen, deleterious to man,

oxygen level in the reactor is practiced. The
production of nitrite or nitrate requires oxygen
for a use not directly associated with waste
stabilization and produces a substance, oxidized
The latter is
particularly true in remote environments. For
the foregoing reasons, nitrification appears
undesirable and control should be exercised to
prevent it.

The adsorption phase of substrate uptake
appeared to be absent or negligible in the
studies of pure cultures. The adsorption phase
has been shown to be characterized by a rapid
nonoxidative uptake of substrate from the
medium. This uptake has been shown to close-
ly follow a first-order pattern based on studies
by Chapman et al. (6). It has been postulated
that the bacterial slimea associated with ac-
tivated sludge are responsible for the process
of substrate adsorption. This postulate is sup-
ported, but not proved, by the findings of the
present study. These findings, if substan-
tiated by further work, imply that dispersed
organisms, while capable of oxidizing the com-
ponents of waste, would not rapidly remove the
adsorbable components. This would probably
result in a lower overall efficiency in a con-
tinuous .flow-thmugh facility.

Based on the data obtained in this and
previous studies, figure 11 has been prepared.
Figure 1! represents a summary of the in-
formation obtained to date on the mechaxism
of the activated sludge process as listed in the
following paragraphs:

1. Most large molecules—i.e.,, starch, al-
bumin, and the constituents of human waste—
appear to be rapidly and nonoxidatively
adsorbed onto the biologic matrix.

2. Most small molecules, such as phenol,
individual amino acids, and hippuric acid, ap-
pear to be metabolized as rapidly as removed
from the medium.

3. Most small molecules appear to be
utilized by organisms incapable of large-
molecule assimilation,
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FIGURE 11

Charaeterization of the activated sludge process.

4. The orpanisms assimilating large mole- 5. Refractory molecules are present in hu-
cules metabolized the small molecules sparing- man waste and appear in some combination in
ly. the effluent from an activated sludge facility.
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6. The gaseous cffluent will contain CO.,
NH,, and 1,0, and. depending upon the level
of acration, some oxides of nitrogen.

7. The oxidation of most small molecules
will be complete within minutes or hcurs. The
larger molecules and those small molecules
tending to be refractory will require additional
time for stabilization. It is probable that the
3 or 4 days apparently required for gcod
stabilization in a high-solids activated sludge
is due to the extension of time required to
stabilize the complex or large molecules.

VII. RECOMMENDATIONS FOR
FURTHER STUDY

Pure culture work

Continued key-out studies are necessary for
more specific identification of the isolated
organisms. This work should include recheck-
ing some of the results obtained in the present
program to eliminate the possibility of rever-
sion from a mutant strain, or the possibility of
a strain becoming attenuated through repeated
passaging.  Animal inoculation or regrowth
through raw waste is also indicated. The animal
inoculation would be carried out to develop any
lost chromogenesis or fluorescent capabilities
of these organisms.  Serologic classification of
some of these organisms is indicated, but com-
parative study to type cultures would be the
best method of final identification.

Indications that the saprophytes may, un-
der some circumstances, use the oxidation of
nitrogen as an energy source should lead to a

thorough study of the phenomenon in activated
sludge. The control of synthesis to maintain
a minimum quantity of cellular material in the
reactor is desirable and perhaps necessary for
remote environment application.

Further studies on bilirubin, pyrrole, and
coproporphyrin metabolism are indicated as
well as additional studies on urochrome. It is
suggested that attempts be made to maintain
the organisms in pure culture under macrocul-
turing conditions and that substrate depletion
studies be carried out over extended periods—
that is, weeks or months.

Mixed cullure studies

Additional studies should be directed to-
ward control of synthesis in mixed cultures.
The work should be carried out with two ob-
jectives: first, to minimize the utilization of
reduced nitrogen as an energy source; and
second, to reduce the normal rate of synthesis
by the saprophytes during heterotrophic metab-
olism. There are a number of compounds
capable of reducing the rate of synthesis, The
use of these compounds should be studied.

Attention should also be directed to a selec-
tive elimination of inactive and dead material
contained in the biologic matrix. It has been
previously suggested that it may be possible
to improve the operation of an activated sludge
system per unit mass of material by eliminat-
ing the so-called “dead weight” material. Such
problems as foam, gas transfer, and movement
of mixed liquor may be reduced substantially
by such a development.
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